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Edited by Takashi GojoboriAbstract Animal-speciﬁc gene families involved in cell–cell
communication and developmental control comprise many sub-
families with distinct domain structures and functions. They
diverged by subfamily-generating duplications and domain shuﬀ-
lings before the parazoan–eumetazoan split. Here, we have
cloned 40 PTK cDNAs from choanoﬂagellates, Monosiga ovata,
Stephanoeca diplocostata and Codosiga gracilis, the closest rel-
atives to animals. A phylogeny-based analysis of PTKs revealed
that 40 out of 47 subfamilies analyzed have unique domain struc-
tures and are possibly generated independently in animal and
choanoﬂagellate lineages by domain shuﬄings. Seven cytoplas-
mic subfamilies showed divergence before the animal–choano-
ﬂagellate split originated by both duplications and shuﬄings.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Animal-speciﬁc gene families involved in cell–cell communi-
cation and developmental control consist of many subfamilies,
each of which contains dozens of members with virtually iden-
tical structures and functions, but they diﬀer in tissue distribu-
tion [1,2]. Molecular phylogeny-based analyses of several
animal-speciﬁc gene families revealed that extensive gene
duplications (subfamily-generating duplications) and shuﬀ-
lings of DNA regions encoding protein domains (domain
shuﬄings) that gave rise to diﬀerent subfamilies with distinct
domain structures and diverse functions of their encoded
proteins took place in the early evolution of animals before
the parazoan–eumetazoan split, the earliest divergence amongAbbreviations: PTK, protein tyrosine kinase; ML, maximum likelihood
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doi:10.1016/j.febslet.2008.02.002extant animal phyla ([2], for review; [3–10]). These analyses
suggest that the Cambrian explosion was not immediately
preceded or accompanied by the burst of subfamily-generating
duplications ([2], for review), implying that there is no direct
link between divergence at the organismal level and that at
the molecular level. It is therefore important to know the
divergence times of subfamilies in each gene family more
precisely.
To address this issue, we have conducted comprehensive
cloning of protein tyrosine kinase (PTK) cDNAs from cho-
anoﬂagellates, Monosiga ovata, Stephanoeca diplocostata and
Codosiga gracilis, thought to be the closest relatives to ani-
mals [11,12]. King and Carroll [13] and King et al. [14]
reported the presence of PTK related genes in choanoﬂagel-
lates. In addition, judging from the structural and functional
similarities, together with phylogenetic positions, src and csk
related genes from M. ovata are likely to be orthologous to
the animal counterparts [15], suggesting that their divergence
dates back to ancient times before the divergence of animals
and choanoﬂagellates. From a phylogenetic analysis of the
PTK family members from animals and choanoﬂagellates,
we report here that, although a considerable amount (19/
37) of kinase domain duplications occurred before the
divergence of animals and choanoﬂagellates, a large number
(40/47) of subfamilies were possibly generated in each lineage
independently by domain shuﬄings. Seven cytoplasmic type
subfamilies were shown to have diverged before the animal–
choanoﬂagellate split by both subfamily-generating duplica-
tions and domain shuﬄings.2. Materials and methods
2.1. cDNA cloning
Living cultures of M. ovata Kent, strain M-1 (ATCC 50635), S. dip-
locostata Ellis (ATCC 50456) and Codosiga (Codonosiga) gracilis Kent
(ATCC 50454) were purchased from the American Type Culture
Collection (http://www.atcc.org/) and cultured according to the sup-
pliers instructions. Choanoﬂagellate cDNAs were generated from
poly(A)+ RNA extracted from the cultures. Full-length cDNAs of
choanoﬂagellate PTKs were cloned and sequenced as previously
described [3,5]. Sequence data are deposited in Genbank/EMBL/DDBJ
database under accession numbers AB098164–AB098201 and
AB099493–AB099495.blished by Elsevier B.V. All rights reserved.
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Molecular phylogenetic tree was inferred by the maximum like-
lihood (ML) method using GAMT [16] program with JTT-F model
of amino acid substitution. An unambiguous alignment of kinase do-
main sequences of 212 amino acids in length excluding gaps was used
for the tree inference. Heterogeneity of evolutionary rates among sites
was modeled by using a discrete C distribution [17] with an optimized
shape parameter a of 0.8. Local bootstrap analysis by RELL method
[18] was improved in order to analyze up to eight neighboring subtrees
instead of four and the calculated local bootstrap probability (LBP)
was shown to represent the reliability of each branch.
2.3. Domain search
Protein domains and motifs were searched in the sequences of cho-
anoﬂagellate PTKs; ﬁrst, Pfam [19] and SMART [20] databases were
searched by HMMER. We also performed a BLAST search against
the Genbank non-redundant database using the translated cDNA se-
quences as probes. The search of highly diverged domains (e.g. ﬁbro-
nectin type III (FNIII)-like repeat) was carried out by manual
inspection using motifs speciﬁc to the domains.3. Results and discussion
3.1. Isolation of PTK cDNAs from choanoﬂagellates
PTKs comprise a large family of proteins sharing homolo-
gous tyrosine kinase domains and are thought to have diverged
speciﬁcally in animals to date [21,22]. A search of conserved
motifs characteristic of the kinase domain of PTKs revealed
at least 91 and 31 PTK genes on human and Drosophila mela-
nogaster genomes, respectively. In contrast no typical PTK
gene, however, has been identiﬁed on Saccharomyces cerevisiae,
Neurospora crassa, Arabidopsis thaliana, Oryza sativa, Dictyos-
telium discoideum, Paramecium tetraurelia and Tetrahymena
thermophila genomes (data not shown). Recently, PTK genes
have been reported in choanoﬂagellates, single-cellular or colo-
nial protists closely related to animals [13–15]. We have cloned
40 full-length cDNAs encoding PTKs from three choanoﬂagel-
late species,M. ovata, S. diplocostata and C. gracilis by PCR. A
short sequence motif (HRDLXXXN) in the kinase domain of
each choanoﬂagellate sequence matches well with the consen-
sus sequence (HRDLRAAN/HRDLAARN; see [21]) of the
animal PTKs, suggesting that all of the cloned cDNAs encode
the animal-type PTKs. Thirteen out of the 40 choanoﬂagellate
cDNAs encode receptor type PTKs, and the remaining 27 en-
code cytoplasmic type PTKs. A variety of protein domains
and motifs were identiﬁed in the cloned PTKs (Fig. 1, right).
3.2. Phylogenetic tree of the PTK family and divergence by
protein domain shuﬄings
In animals the PTK family consists of at least 29 subfamilies
with distinct domain structures and functional characteristics
[3,22,23]. Most of the animal PTK subfamilies diverged by
subfamily-generating duplications that gave rise to diﬀerent
subfamilies and shuﬄings of DNA regions encoding protein
domains (domain shuﬄings) before the separation of sponges
and eumetazoans [3,5]. To know the divergence times of
PTK subfamilies more precisely, a ML tree of the PTK family
has been inferred on the basis of the alignment of the entire ki-
nase domain sequences (Fig. 1 and Fig. S1). According to the
ML tree, 19 subfamily-generating duplications (red rhombi in
Fig. 1) out of 37 in total occurred in the ancestral lineage be-
fore the divergence of animals and choanoﬂagellates, whereas
after that divergence nine (ﬁlled green rhombi) and eight (open
green rhombi) subfamily-generating duplications occurred ineach of the lineages leading to extant animals and choanoﬂa-
gellates, respectively; for one subfamily-generating duplication
(yellow rhombus), the divergence time is unknown. Note that
most (24/29), if not all, of the subfamily-generating duplica-
tions antedate the parazoan–eumetazoan split (see Fig. 1; [5]).
Thephylogenetic tree ofFig. 1, however, actually shows aphy-
logeny of the kinase domains of PTKs, but not that of the entire
protein regions. It remains, therefore, possible that the domain
shuﬄings are very recent events, although the kinase domain
duplications go back to ancient dates. To know the times of
divergence by domain shuﬄings, the domain structures should
be compared between animal and choanoﬂagellate PTKs.
The phylogenetic tree of Fig. 1 (and also Fig. S1) is divided
into six groups of independent clusters based on the branching
pattern of subfamilies, cytoplasmic/receptor types and animal/
choanoﬂagellate origins, although the bootstrap probability at
each branch point at which diﬀerent groups diverged is not high
enough. Group I comprises seven clusters of cytoplasmic types.
For ﬁve clusters, each contains a pair of genes from animals and
choanoﬂagellate counterparts with an identical domain struc-
ture. It seems therefore likely that animal and choanoﬂagellate
PTKs are orthologous in each of the ﬁve subfamilies.
All members of Group II are choanoﬂagellate origins, except
for Eph, and they are receptor type, except for M-v and M-k.
None of the choanoﬂagellate PTK of this group is identical to
any of the animal PTK examined here in domain structure,
suggesting frequent domain shuﬄings during choanoﬂagellate
evolution independent from animal lineage. In contrast, most
members of Group III are the receptor type of animal origins,
each of which has a unique domain structure. These results
suggest frequent domain shuﬄings in each of animal and cho-
anoﬂagellate lineages independently.
For each of syk and HTK16 belonging to Group V, animals
and choanoﬂagellates share a common domain structure, sug-
gesting ancient domain shuﬄings before the animal–choano-
ﬂagellate split. No choanoﬂagellate counterpart is identiﬁed
for other three subfamilies.
The similarity of domain structures is summarized in Table 1.
Seven out of 18 cytoplasmic type subfamilies have domain
structures shared between animals and choanoﬂagellates, and
they are likely to be orthologous. Thus divergence of subfami-
lies of this type by gene duplications and domain shuﬄings
antedates the divergence of animals and choanoﬂagellates.
The remaining 11 have unique structures, suggesting divergence
by independent domain shuﬄings in each of animal and choa-
noﬂagellate lineages. In contrast, no subfamily with shared do-
main structure was identiﬁed in 29 receptor type subfamilies
examined in this report. These subfamilies are likely to have di-
verged in each of animal and choanoﬂagellate lineages by inde-
pendent domain shuﬄings. Groups II and III are typical
examples of this type of divergence. We do not exclude a possi-
bility in part that subfamilies with unique domain structures are
the result of recent deletions of ancient genes generated before
the animal–choanoﬂagellate split by domain shuﬄings. Because
in the animal lineage, most (24/29) subfamilies diverged before
the divergence of poriferans and eumetazoans by the subfamily-
generating duplications and domain shuﬄings (Fig. 1; [5]), ani-
mal subfamilies with unique domain structures are likely to
have diverged in an ancestral period between the parazoan–
eumetazoan split and the animal–choanoﬂagellate split.
Thus evolution of PTKs with distinct structures and func-
tions (i.e. subfamilies) is summarized as follows: about a half
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Fig. 1. Phylogenetic tree of the PTK family. Dictyostelium AX2, Glycine PK6 and human MLK-3 protein kinases were used as an outgroup.
Members in the same PTK subfamily are shaded blue and the name of each subfamily is shown right for animals; red letters indicate animal
subfamilies that have choanoﬂagellate orthologues with identical domain structures. Red branches indicate choanoﬂagellate PTKs. For the
choanoﬂagellate genes, abbreviated names are shown (e.g. M-f, M. ovata MoPTK-f; S-a, S. diplocostata SdPTK-a and C-d, C. gracilis CgPTK-d).
Both MoPTK-v and MoPTK-k have duplicated kinase domains that were included separately in the tree, and their subfamily aﬃliations were deﬁned
by the phylogenetic positions of the C-terminal domains (C). The domain structures of animal and choanoﬂagellate PTK subfamilies are
schematically represented in the middle and right columns, respectively. Legends to the protein domains and motifs are shown at the bottom (the
words domain or motif are omitted; see [3,5] for abbreviations). Information on local bootstrap probabilities, species names and accession numbers
is presented in Fig. S1. Red and blue circles, choanoﬂagellates–animal split and sponge–eumetazoan split, respectively; red rhombi, subfamily-
generating duplications before choanoﬂagellates–animal split; ﬁlled and open green rhombi, subfamily-generating duplications on lineages leading to
animals and choanoﬂagellates, respectively; yellow rhombi, subfamily-generating duplications whose divergence times are unknown. I–VI, grouping
of subfamilies based on the branching pattern of tree.
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subfamilies are ancient events, going back to dates before the
animal–choanoﬂagellate split. A considerable amount (7/18)of the cytoplasmic type subfamilies diverged before the
divergence of animals and choanoﬂagellates by domain shuﬀ-
lings. The remaining (11/18) cytoplasmic type subfamilies,
Table 1
The number of subfamilies with unique domain structures or those
shared between animals and choanoﬂagellates
Shared Unique Total
Animals Choanoﬂagellates
Group I Cyt 5 0 2 7
R 0 0 0 0
Group II Cyt 0 0 2 2
R 0 1 7 8
Group III Cyt 0 0 3 3
R 0 17 2 19
Group IV Cyt 0 1 0 1
R 0 0 1 1
Group V Cyt 2 2 0 4
R 0 1 0 1
Group VI Cyt 0 0 1 1
R 0 0 0 0
Sum of Cyt 7 3 8 18
Sum of R 0 19 10 29
Cyt, cytoplasmic PTK; R, receptor PTK. Group I, src, tec, abl, CSK,
fes/fps; Group II, Eph, M-a, M-g, M-g2, M-v, M-c, M-u, M-s, M-t, M-
k, C-f, S-b, C-l; Group III, ALK/ltk, ros/sev, IR, M-h, M-o, HGFR,
RYK, UFO/axl, FzRTK, PDGFR/VEGFR, ret, FGFR, tie, NGFR,
ror/MuSK, DDR, GCTK, klg, M-l, C-k, M-r, C-e, M-n, S-l, C-t, C-g,
EfPTK232, C-j; Group IV, FAK, C-h; Group V, JAK, syk, ACK,
EGFR, HTK16; Group VI, M-p. For classiﬁcation of subfamilies and
their domain structures, see Fig. 1.
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main structures, and therefore they possibly evolved in each
lineage after the animal–choanoﬂagellate split by domain
shuﬄings. In animal lineage, this type of shuﬄings took place
in an ancestral period between the animal–choanoﬂagellate
split and the parazoan–eumetazoan split. Similar computer
analyses for other gene families, including the protein tyrosine
phosphatase (PTP), the G protein a subunit, the phospholipase
C and the IP3 receptor are in progress. Recently we also found
a similar divergence pattern in the receptor-like kinase family
involved in cell–cell recognition of plants [24].
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